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Asaproof-of-principle, two hetero-bimetallicPNA oligomers containingaruthenium(ll) polypyridyland a cyclopentadienyl
manganese tricarbonyl complex have been prepared by serial combination of solid-phase peptide coupling and
in-solution thiol chemistry. Solid-phase N-terminus attachment of Ru(ll)-polypyridyl carboxylic acid derivative, C1, onto
the thiol-functionalized PNA backbone (H-a-a-g-t-c-t-g-c-linker-cys-NH,) has been performed by standard peptide
coupling method. As two parallel approaches, the strong affinity of thiols for maleimide and haloacetyl group has
been exploited for subsequent post-SPPS addition of cymantrene-based organometallic cores, C2 and C3. Michael-
like addition and thioether ligation of thiol functionalized PNAT (H-gly-a-a-g-t-c-t-g-c-linker-cys-NH.) and PNA2 (C7-a-
a-g-t-c-t-g-c-linker-cys-NH,) to cymantrene maleimide and chloroacetyl derivatives, C2 and C3, respectively, has been
performed. The synthesized ruthenium(ll)-cymantrenyl PNA oligomers have been characterized by mass spectrometry
(ESI-MS) and IR spectroscopy. The distinct Mn-CO vibrational IR stretches, between 1,924-2,074 cm™, have been used as
markers to confirm the presence of cymantrenyl units in the PNA sequences and the purity of the HPLC-purified PNA
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thioethers assessed using LC-MS.

Introduction

Peptide Nucleic Acids (PNAs)," a robust class of artificial nucleic
acids, have for several years now been recognized as molecules
with enormous diagnostic and therapeutic potential.*® PNAs, in
general, are prepared by conventional solid-phase peptide synthe-
sis (SPPS).” This seems to be simple and uncomplicated nowa-
days because traditional PNA sequencing can be easily achieved
on an automated synthesizer. Since their invention, consistent
efforts have been made to widen the window for diagnostic appli-
cations from this artificial oligomeric construct. In this pursuit,
both metallic as well as non-metallic detection labels have been
coupled to PNAs.5"? Adding functionalities to PNAs, however,
have always imposed challenges for chemists. To be effective,
such approaches should specifically produce the desired prod-
uct and, more importantly, show compatibility with the func-
tional groups found in the available PNA monomers as well as
the inserted labels. As far as synthetic challenges are concerned,
the magnitude further increases if the desired modifications are
metal-based. The growing interest in the application of metal-
containing PNAs'""* has led to several different approaches to
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prepare metal-containing PNA constructs. Leaving aside the
formation of metal-containing PNA by metal complexation of a
ligand-containing PNA,? such intrasequence covalent metallo-
labeling of the PNA sequence can be achieved using either
appropriately designed metal-containing PNA monomers?*3 or
through classical amide coupling between the carboxylic acid
derivatives of the metal-complexes and the reactive terminal
amino group on PNA backbone.*% In recent times, “click chem-
istry” has also become a popular tool for introducing organo-
metallic fragments into PNA-like monomers, PNA oligomers
and peptides.“** Much to our surprise, however, multi-metallic
labeling of PNAs has been consistently overlooked despite the
potential applications of these bioconjugate in diagnostics, thera-
peutics and biosensing.®

Over the past few years, research in our groups has focused on
the design and evaluation of metal-PNA bioconjugates for multi-
modal biosensing, nuclear medicine, molecular and cell biology
applications.*”! Toward this end, targeting the development of
robust direct (solid-phase) and indirect (solution phase) ways for
the preparation of multi-metallic PNA conjugates, we recently
reported the first di-hetero-organometallic-containing PNA
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Figure 1. Structure of Ru(ll) and CpMn(CO), derivatives (C1-C3).

oligomers, synthesized using sequential “click chemistry” and
peptide coupling reactions. Adding to these recent endeavors
to devise strategies for including multiple metallo-inserts in PNA
oligomers, in this work, we demonstrate the use of powerful and
versatile thiol chemistry for the convergent synthesis of hetero-
bimetallic PNA oligomers. Thioether ligation and Michael type
addition of thiol-functionalized PNA sequences are applied in
combination with conventional peptide coupling, to demonstrate
an extremely effective strategy for obtaining hetero-metallic PNA
conjugates. For this proof-of-principle study, a carboxylic acid
derivative of a substitutionally inert Ru(II) polypyridyl complex,
Cl, and maleimide or chloroacetyl cymantrenyl derivatives, C2
and C3, are employed as metallolabels on a 8-mer thiol-function-
alized model PNA oligomer, PNA1 (Fig. 1).

Results and Discussion

Synthesis of cymantrenyl derivatives. As shown in Scheme
1, the maleimide-functionalized cymantrene derivative, C2,
was obtained from condensation between its free carboxylic
precursor, 4-cymantrenylbutyric acid (1), and the trifluoro-
acetate salt of N-(2-aminoethyl)maleimide, in presence of
O-(7-azabenzotriazol-1-yl)-V,N,N’, N -tetramethyluronium
hexafluorophosphate (HATU) and triethylamine. The desired
product was successfully isolated as a yellow solid in 61% yield.
The '"H NMR for C2 showed signals at 6.73 ppm for the vinylic

protons from the maleimide fragment, and from the protons on
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the cyclopentadienyl moiety at ca. 4.64 ppm. Additional signals
were found in the '"H NMR between 1.81-3.70 ppm, ascrib-
able to alkyl CH, protons, along with the "C NMR showing
the characteristic C=O signal at 225.2 ppm. The IR spectrum
showed strong C=0 vibrational stretches at 2010 and 1905 cm™
and C=0 stretching vibration bands at 1703 and 1635 cm™.
Furthermore, peak at m/z = 435 for [M+Na]* ion in ESI-MS
confirmed the successful conjugation of the maleimide frag-
ment to the cymantrenyl backbone in C2.

The synthesis of compound 2 was performed in an analo-
gous manner to C2. Employing HATU-mediated peptide cou-
pling, mono Boc-protected ethylenediamine was successfully
attached to the manganese tricarbonyl derivative 1 (Scheme
1). The 'H and “C NMR spectra for 2 showed signals origi-
nating from the ter-butyl functionality at 1.45 ppm as well as
28.6 and 80.1 ppm, respectively. The »C NMR spectrum also
showed a Mn(CO)), core resonance at 225.4 ppm. Strong vibra-
tional bands for C=0O (1921 and 2016 cm™) and C=0 (1643
and 1693 cm™) stretches in the IR spectrum and the [M+Na]*
peak at m/z = 455.1 in ESI-MS verified the successful isola-
tion of 2. The acetyl chloride derivative, C3, was prepared by
trifluoroacetic acid (TFA)-mediated deprotection of the rert-
butyl group and subsequent acetylation of the obtained free
amine with chloroacetyl chloride (Scheme 1). As expected, the
'H and ®C NMR spectra showed the disappearance of terz-
butyl resonances along with the appearance of an additional
singlet from the acetyl (-COCH,CI) unit at 4.04 ppm. Strong
carbonyl stretches (C=0O and C=0) between 1635-2012 c¢cm
in the IR spectrum in conjunction with the [M+H]* ion peak
(m/z = 408.5) seen in the ESI-MS confirmed the identity of C3.

Synthesis of thiol-functionalized PNA oligomers. The
thiol-functionalized model PNA oligomer, PNA1, was prepared
on the TentaGel S RAM Cys(Trt)Fmoc resin, following man-
ual solid-phase peptide synthesis protocols (Scheme 2).40474:50
Sequential coupling of the Fmoc-Bhoc protected PNA mono-
mers, cleavage of the non-metalated oligomer from the resin
using TFA/water/triisopropylsilane (TIS) 95/2.5/2.5 (v/vlv),
followed by RP-HPLC purification gave the desired oligo-
mer, PNA1 (refer to Experimental Section for more details).
Conclusions on the identity and purity of PNA1 were derived
from the respective ESI-MS, MALDI-TOF spectra and LC-MS
traces. Peaks at m/z = 499.1 [M+5H]°*, 623.6 [M+4H]**, 831.0
[M+3H]?", 1246.0 [M+2H]?** and m/z = 2489.7 [M+H]* were
observed in ESI-MS and MALDI-TOF spectra, respectively
(see Figs. S5 and S6).

For the synthesis of the Ru(II)-PNA oligomer, PNA2, the
complex C1 was coupled, on the solid-phase, to the constituted
PNA sequence, PNA1, using HATU-mediated condensation
followed by its cleavage from resin using a TFA/TIS/phenol
85/5/10 (v/v/v) mixture (Scheme 2). Extended coupling time
(ca. 10 h) was allowed to ensure an excellent yield for the solid-
phase attachment of C1 to the PNA sequence. As before, PNA2
was successfully synthesized and isolated as an orange solid.
The MALDI-TOF spectrum and LC-MS (refer to Fig. S7) pro-
vided consolidated and unambiguous proof on the identity of
the purified oligomer, PNA2.

Volume 4 Issue 1



(o)
OH Il:}
@/\/\H/ A @/\/\Ir \/\N
/M{l, o} - /Mn_ 0 /
“CO \ “co
oc” %o oc”  ¥o o
1 Cc2
(o)
N Cl
@/\/\"/ \/\NHBoc \/\N
M 0 C > N H
n, n (o)
B "
C CO Cco
oc™ %o oc” L7
2 C3
Scheme 1. Synthesis of the cymantrenyl derivatives C2 and C3. Reagents and conditions: (A) N-(2-aminoethyl)maleimide trifluoroacetate, HATU, NEt,,
DMF, rt, 12 h, 61%; (B) N-Boc-ethylenediamine, HATU, DMAP, NEt,, DMF, rt, 12 h, 76%; (C) 1. TFA/CH,CI, (1:1 v/v), rt, 5 h; 2. Chloroacetylchloride, NEt,,
CH,Cl,, rt, 16 h, 61%.

Synthesis of ruthenium(II)-cymantrenyl PNA oligomers.
With the synthesized PNA sequences PNA1 and PNA2 in
hand, we proceeded toward the preparation of their cymantrenyl
adducts PNA3 and PNA4 (Table 1). The synthesis of succin-
imide thioether analog PNA3, in solution, was first attempted
on the non-metalated sequence, PNAL. The preparation followed
Michael-like addition of thiol-functionalized PNALI to cymantre-
nyl maleimide derivative C2. The high specificity associated with
such thiol-based Michael additions offers an extremely effective

52-56

and convenient approach to bioconjugation. The successful

formation of the thiol-maleimide adduct was established from
the LC-MS spectrum (Fig. S8). Peaks for the [M+4H+Na]’",
[M+3H+Nal]* and [M+2H+Na]?* ions were observed at m/z =
585.1, 731.1 and 974.3, respectively. The presence of the intact
manganese tricarbonyl unit in the formed thiol maleimide
adduct, PNA3, was further verified through IR spectroscopy. As
anticipated, sharp bands at 1930 and 2017 cm™ for the character-
istic C=0 vibrational stretches were observed in the IR spectrum
(Fig. S12). Previously, we have reported similar approach to con-
firm the presence of metal-carbonyls using IR spectroscopy in a
hetero-di-organometallic PNA oligomer incorporating individ-
ual Re(CO), and Mn(CO), cores.”” Note that other metal car-
bonyl compounds have been coupled to biomolecules with a view
to their detection using the so-called carbonylmetalloimmunoas-
say (CMIA).>”® With the experimental conditions for the forma-
tion of thiol-maleimide based PNA-cymantrenyl adduct (PNA3)
being optimized, a similar synthesis was attempted using the
Ru(II)-PNA oligomer, PNA2. The formation of the desired
Ru(Il)-cymantrenyl PNA oligomer, PNA4, was confirmed
by peaks at m/z = 596.3, 715.3 and 893.8 for [M+5H+Na]®,
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[M+4H+Nal]’*and [M+3H+Na]“" ions in LC-MS and metal car-
bonyl stretches (2008 and 2074 cm™) in the IR spectrum.

As an alternative approach for PNA hetero-metalation, the
scope of thioether ligation strategy was also assessed in this
work. As for the Michael-like addition, the ligation reaction
was initially tested for the non-metalated PNA sequence, PNAL.
Reaction between chloroacetyl derivative, C3, and PNALI pro-
ceeded efficiently under basic conditions, in presence of potas-
sium iodide. The LC-MS trace for the HPLC-purified thioether
PNA5 showed peaks for the respective ion fragments (refer to
characterization details in the Experimental Section and Fig. $10)
and weak but well defined bands at 2062 and 1996 cm™ in the
IR spectrum, originating from C=O vibrational stretches of the
manganese tricarbonyl entity (Fig. $13 in SI). To further extend
this proof-of-principle study, thioether ligation between C3 and
Ru(II)-PNA oligomer, PNA2, was also attempted. The ligated
product PNAG containing the Ru(II)-polypyridyl core at the one
end and the manganese tricarbonyl core on the other was suc-
cessfully isolated after RP-HPLC (Fig. S11). As anticipated, the
organometallic C3 backbone and the Ru(Il)-polypyridyl unit of
PNA2 did not impose any unfavorable steric constraints for the
formation of the desired di-metalated thioether. Interestingly, the
IR spectra of the cymantrenyl PNAs prepared in this work, in
general, show the carbonyl vibrational stretches to be shifted in
comparison to the parent cymantrenyl unit, C2. The origin of
these interesting shifts is unclear at present and will be the subject
of future investigation.

This work, to the best of our knowledge, is the first attempt
on utilizing thioether ligation for preparation of hetero-meta-
lated PNA oligomers which we believe will be applicable for the
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Scheme 2. Synthesis of the ruthenium(ll)-cymantrenyl PNA oligomers.
Reagents and conditions: (A) Complex C1, HATU, DMF, 10 h; (B) TFA/
TIS/Phenol (85/5/10, v/v/v); (C) Complex C2, DIPEA, acetonitrile/water
(ca. 1/1,v/v), 30°C, 48 h; (D) Complex C3, KI, DIPEA, water/acetonitrile
(ca. 1/1,v/v), 30°C, 48 h. SPPS, standard Fmoc solid-phase PNA/peptide
synthesis; linker, Fmoc-AEEA-OH. See Experimental Section for details.

coupling of various combinations of the metal complexes and
thiol-functionalized metal-containing PNA oligomers.

Experimental Section

Materials. All chemicals were of reagent grade quality or bet-
ter, obtained from commercial suppliers and used without fur-
ther purification. Solvents were used as received or distilled using
Deionised water was used for all reactions
in aqueous solution. Reagents and solvents for solid-phase pep-
tide synthesis were of HPLC grade and purchased from Acros,
Aldrich/Sigma/Fluka, E. Merck and IRIS Biotech and were used
without further purification. The preloaded polystyrene resins
were purchased from Rapp Polymers. Only L-amino acids were
used throughout. PNA monomers were purchased from Link

standard procedures.”’
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Technologies. Thin layer chromatography (TLC) was performed
using silica gel 60 F-254 (Merck) plates with detection of spots
being achieved by exposure UV light. Column chromatography
was done using Silica gel 60 (0.040-0.063 mm mesh, Merck).
Eluent mixtures are expressed as volume to volume (v/v) ratios.

Instrumentation and methods. 'H and *C NMR spectra
were recorded in deuterated solvents on AV2-401 spectrometer,
at room temperature. The chemical shifts, 8, are reported in
ppm (parts per million). The signals from the residual protons of
deuterated solvent have been used as an internal reference.®® The
abbreviations for the peak multiplicities are as follows: s (singlet),
d (doublet), dd (doublet of doublets), t (triplet), q (quartet), m
(multiplet) and br (broad). ESI mass spectrometry was performed
using a Bruker Esquire 6000 spectrometer. In the assignment of
the mass spectra, the most intense peak is listed. High-resolution
accurate mass spectra were recorded with Bruker maXis QTof
high-resolution mass spectrometer (Bruker Daltonics, Bremen,
Germany). Infrared spectra were directly recorded on Perkin-
Elmer FTIR spectrometer fitted with an ATR platform. In case of
cymantrenyl PNAs (PNA3-PNAG), their aqueous solutions were
directly used for measuring the IR spectrum. Peak intensities are
given as broad (br), very strong (vs), strong (s), medium (m) and
weak (w). Microanalysis was performed on a LecoCHNS-932
elemental analyzer. The matrix-assisted laser desorption/ioniza-
tion time of flight (MALDI-TOF) mass spectra were measured
on a Bruker Daltonics Autoflex. The experiments were per-
formed either in linear or reflector mode with positive polarity
using sinapinic acid or a-cyano-4-hydroxy-cinnamic acid as the
matrix. HPLC purification of PNAs was performed on a Varian
ProStar system equipped with a diode array UV/Vis spectrom-
eter and a LiChroCART® 250-10 RP-18 semi-prep column (5
pm particle size, 100 A pore size, 10 x 250 mm. Flow rate: 4
mLmin™). Chromatographic separations were performed with a
linear gradient of A (distilled water containing 0.1% v/v TFA)
and B [acetonitrile (Sigma-Aldrich HPLC grade), containing
0.1% v/v TFA]. Preparative runs: # = 0 min, 5% B; # = 12 min,
15% B; #= 32 min, 40% B; #= 50 min, 80% B; = 51 min, 100%
B; #= 56 min, 100% B; #= 61 min, 5% B. The LC-MS spectrum
of PNA sequences was measured on an Acquity™ Waters sys-
tem equipped with a PDA detector and an auto sampler using an
Agilent Zorbax 300SB-C18 analytical column (3.5 mm particle
size, 300 A pore size, 150 x 4.6 mm). The LC was coupled to an
Esquire HCT from Bruker for the MS measurements. The LC
run (flow rate: 0.3 mLmin™) was performed with a linear gradi-
ent of A (distilled water containing 0.1% v/v formic acid) and B
[acetonitrile (Sigma-Aldrich HPLC-grade], containing 0.1% v/v
formic acid); # = 0 min, 5% B; #= 3 min, 5% B; £= 17 min, 100%
B; =20 min, 100% B; #= 25 min, 5% B. The purity of all PNA
sequences, as analyzed from the corresponding LC-MS traces,
was found to be greater than 95%. Microanalysis was performed
on a LecoCHNS-932 elemental analyzer.

Synthesis. Compounds C1,°! 4-cymantrenylbutyric acid (1),%
and N-(2-aminoethyl)maleimide trifluoroacetate salt™® were
synthesized according to literature procedures. All the charac-
terization data was in agreement with the literature reports. All
reactions with cymantrenyl derivatives were protected from light
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by wrapping assemblies with aluminum foil and performed in
absence of light, as much as possible.

Compound C2. HATU (0.196 g, 0.52 mmol) and triethyl-
amine (0.069 g, 0.68 mmol) were added to a 4-cymantrenylbu-
tyric acid (1) (0.100 g, 0.34 mmol) in dimethylformamide (10
mL), and the resulting solution was stirred at room temperature
for 20 min. Following this, N-(2-aminoethyl)maleimide tri-
fluoroacetate (0.114 g, 0.45 mmol) was added and the stirring
was continued for 12 h. The reaction mixture was concentrated
under reduced pressure and the residue obtained was dissolved
in dichloromethane (15 mL) and filtered. The dichloromethane
solution was washed with 1 M HCI (2 x 10 mL), water (2 x 10
mL) and brine (I x 15 mL). The organic phase was dried over
MgSO,, filtered and evaporated to dryness to obtain the crude
product. Purification of the crude product by column chroma-
tography (SiO,, 50% ethylacetate/hexane) afforded compound
C2 as yellow solid. Yield: 0.086 g (61%). R, = 0.44 in 50% eth-
ylacetate/hexane. Anal. caled. for C H MnN O, (%): C, 52.31;
H, 4.39; N, 6.78. Found: C, 52.53; H, 4.15; N, 6.45. IR (ATR):
v 3248m (N-H), 3082m (C-H), 2946w (C-H), 2010vs (C=0),
1905vs (C=0), 1703vs (C=0), 1635 m (C=0), 1564m, 1436m,
1408m, 1265w, 1173m, 1103w, 827m, 668m, 631s cm™. '"H NMR
(400 MHz, CDCL): 8 6.73 (s, 2H, 2 x CH) 4.64 (m, 4H, C.H.),
3.70 (m, 2H, CHZ), 3.48-3.47 (m, 2H, CHz), 2.28-2.19 (m, 4H,
2 x CH,), 1.84-1.81 (m, 2H, -CH,CH,CH,) ppm. "C NMR
(100 MHz, CDCI3): S 225.2, 171.2, 134.5, 106.4, 82.4, 82.0,
39.2, 379, 35.9, 27.8, 26.8 ppm. MS (ESI*): m/z435.0 [M+Na]".

Compound 2. The synthesis of compound 2 was per-
formed via the same method as for the preparation of C2, but
using 4-cymantrenylbutyric acid (1) (0.200 g, 0.69 mmol),
HATU (0525 g, 1.38 mmol), triethylamine (0.139 g, 1.38
mmol), DMAP (8.5 mg) and N-Boc-ethylenediamine (0.221 g,
1.38 mmol) in dimethylformamide (10 mL). Purification by sil-
ica gel column chromatography using 50% ethylacetate/hexane
as eluent, yielded the pure product as yellow oil. Yield: 0.226 mg
(76%). R.= 0.25 in 25% ethylacetate/hexane. IR (neat): v 3317br
(N-H), 2975m (C-H), 2936m (C-H), 2016vs (C=0), 1921vs
(C=0), 1693s (C=0), 1643s (C=0), 1517s, 1251m, 1168m,
756m, 638s cm™. '"H NMR (400 MHz, CDCI3): d 4.64 (m, 4H,
C.H), 3.37-3.28 (m, 4H, 2 x CH,), 2.30-2.24 (m, 4H, 2 x
CH,), 1.85 (m, 2H, -CH,CH,CH,), 145 (s, 9H, ‘Bu CH,) ppm.
13C NMR (100 MHz, CDCIS): d 2254, 106.5, 82.3, 82.1, 80.1,
41.3, 40.5, 38.9, 28.6, 28.0, 27.0 ppm. MS (ESI"): m/z 455.1
[M+Na]*. HR-ESI mass spectrum (acetonitrile + Nal): found
455.09834; calcd. for [C ,;HMnN,ONa]/z 455.09853.

Compound C3. Compound 2 (0.200 g, 0.46 mmol) was
deprotected by stirring it for 5 h, at room temperature, in 5 mL
trifluoroacetic acid/dichloromethane solution (1:1, v/v). The sol-
vent was evaporated under reduced pressure, and the concentrate
was triturated with toluene and ether. The residue was dissolved
in dry dichloromethane (10 mL), triethylamine (0.102 g, 1.01
mmol) was added and solution was stirred for 10 min at room
temperature. Subsequently, chloroacetylchloride (0.055 g, 0.49
mmol) solution in dichloromethane (5 mL) was slowly added
at 0°C, followed by further stirring for 16 h at room tempera-
ture. Cold water (10 mL) was added to the reaction solution and
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Table 1. PNA sequences prepared in this study

PNA code Sequence®
PNA1 H-gly-a-a-g-t-c-t-g-c-linker-cys-NH,
PNA2 Cl-a-a-g-t-c-t-g-c-linker-cys-NH,
PNA3 H-gly-a-a-g-t-c-t-g-c-linker-CH(CONH,)CH,-S-C2
PNA4 Cl-a-a-g-t-c-t-g-c-linker-CH(CONH,)CH_-5-C2
PNA5 H-gly-a-a-g-t-c-t-g-c-linker-CH(CONH,)CH,-S-C3
PNA6 Cl-a-a-g-t-c-t-g-c-linker-CH(CONH,)CH,-5-C3

2Small letters a, t, g, c denote PNA monomers while the amino acids are
represented using standard three letter codes. PNA sequences are writ-
ten from N- to C- terminus. Linker used: Fmoc-AEEA-OH.

extracted with dichloromethane (2 x 20 mL). The combined
organic extracts were back washed water and dried over Na,SO,.
The solution was filtered and concentrated under reduced pres-
sure, and the residue was purified using silica gel column chro-
matography using 50% ethyl acetate/hexane as eluent to afford
compound C3 as pale white solid. Yield: 0.115 mg (61%). R, = 0.13
in 50% ethylacetate/hexane. Anal. caled. for C H CIMnN, O,
(%): C, 47.02; H, 4.44; N, 6.85. Found: C, 47.38; H, 4.37; N,
6.54. IR (ATR): v 3266s (N-H), 3087m (C-H), 2946m (C-H),
2012vs (C=0), 1927vs (C=0), 1905vs (C=0), 1661s (C=0),
1635s (C=0), 1555s, 1241m, 954w, 838w, 668m, 635s cm™. '"H
NMR (400 MHz, CDCla): 8 7.17 (brs, 1H, -CONH), 6.08 (br
s, 1H, -CONH) 4.64 (m, 4H, C.H), 4.04 (s, 2H, -COCH CI),
3.46 (m, 4H, 2 x CH,), 2.29-2.27 (m, 4H, 2 x CH,), 1.85 (m,
2H, -CH,CH,CH,) ppm. *C NMR (100 MHz, CDCL): &
225.3, 106.2, 82.2, 82.0, 42.6, 40.7, 39.9, 35.9, 27.8, 26.8 ppm.
MS (ESI*): m/z 408.5 [M+H]".

Synthesis of PNA oligomers. The SPPS of PNAI was man-
ually performed in one-way polypropylene syringes (5 mL),
equipped with a frit, using polystyrene resin beads of TentaGel
S RAM Cys(Trt)Fmoc (36 mg, 0.21 mmol/g), as previously
reported'4[),47,49,5(]

Synthesis of Ru-PNA oligomer (PNA2). N-terminus solid-
phase insertion of [Ru(bpy),(Cpp-NH-Hex-COOH)](PF),
(C1) on PNALI was achieved by following the general SPPS proce-
dure. Coupling followed the Fmoc deprotection of the last PNA
monomer of the oligomeric sequence. A solution of Cl1 (5 eq.) in
DME, preactivated in eppendorf tube for 2 min with HATU (4.5
eq.), DIPEA and 2,6-lutidine (10 eq. each), was added to PNALI
preloaded polystyrene resin. A longer reaction time of 10 h was
allowed in order to ensure a full coupling.

Cleavage of the PNA from the resin. Before cleavage, the
resin containing the PNA was contracted with methanol and
dried. The non-metallic PNA (PNAI) was cleaved using a mix-
ture of trifluoroacetic acid/water/triisopropylsilane 95/2.5/2.5
(v/vlv) while the metal-containing PNA (PNA2) was cleaved
using a mixture of trifluoroacetic acid/triisopropylsilane/phenol
85/5/10 (v/v/v) [3 x 400 L (1.5 h each)]. Trifluoroacetic acid was
removed from the resulting solutions under high vacuum before
the crude oligomers being precipitated with ice-cold ether. The
solids were centrifuged, washed with ice-cold ether and finally
air-dried. The crude oligomers were purified with RP-HPLC, and
characterized by ESI-MS and MALDI-TOF mass spectrometry.
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Solution phase synthesis of cymantrenyl-PNA adducts
(PNA3-PNAG). Stock solutions of PNA1 and PNA2 in nano-
pure water were used for the reaction. The strand concentration
of PNA oligomer was estimated by UV spectroscopy at 80°C
using the sum of molar extinction coefficients at 260 nm (e, )
for PNA nucleobases present in the oligomeric strands (e, ,
= 13700 M''em™, g, = 11700 M'em™, g, . = 6600 M"'cm®
', Epar = 8600 Mem™). The molar extinction coefficient of
[Ru(bpy),(Cpp-NH-Hex-COOH)](PF,), (Cl1), at 260 nm, &,
= 13300 M'cm™ was estimated using [Ru(bpy),]** as model
compound and determined from the slope of the absorption
(A,,,) vs. concentration curve. 01

Synthesis of cymantrenyl maleimide-PNA adducts (PNA3
and PNA4). A mixture of PNAI (1.6 pmol) or PNA2 (0.8
pmol), compound C2 (1.1 eq) and 0.5 pL of diisopropylethyl-
amine (DIPEA) in 150 pL acetonitrile was shaken for 48 h on
mechanical shaker (930 rpm, 30°C). The reaction solution was
freeze-dried and crude product was purified by RP-HPLC.
The PNA oligomers were characterized by ESI-MS and IR
spectroscopy.

Synthesis of thioether ligated cymantrenyl-PNA adducts
(PNA5 and PNAG6). PNA1 (0.8 pmol) or PNA2 (0.5 pmol),
compound C3 (1.0 eq), KI (20 eq) and diisopropylethylamine
(DIPEA) (60 eq) were successively added in 150 pL acetoni-
trile. The reaction mixture was sonicated for 10 min and there-
after shaken on mechanical shaker (930 rpm, 30°C) for 48 h.
Following this, the reaction solution was freeze-dried and crude
product was purified by RP-HPLC. The thioether ligated PNAs
were characterized by ESI-MS and IR spectroscopy.

Characterization of PNA1. ESI-MS: m/z 499.1 [M+5H]°",
623.6 [M+4H]%, 831.0 [M+3H]%*, 1246.0 [M+2H]**. MALDI-
TOF: m/z2489.7 [M+H]*.

Characterization of PNA2. ESI-MS: m/z 524.6 [M+G6H]%*,
629.3 [M+5H]°*,786.3 [M+4H]%*, 1048.2 [M+3H]**. MALDI-
TOEF: m/z 3143.2 [M+H]".

Characterization of PNA3. HPLC: #, = 23.4 min. ESI-MS:
m/z 585.1 [M+4H+Na]>*, 731.1 [M+3H+Nal]*, 974.3
[M+2H+Na]?**. IR (ATR): v 2017s (C=0), 1930s (C=0O) cm™.

Characterization of PNA4. HPLC: 7, = 24.2 min. ESI-MS:

[M+3H+Nal]*. IR (ATR): v 2074w (C=0), 2008w (C=0)
cm™.
Characterization of PNA5. HPLC: t, = 25.6 min. ESI-MS:
m/z 573.5 [M+5H]%*, 716.5 [M+4H]%, 955.0 [M+3H]*". IR
(ATR): v 2062m (C=0), 1996m (C=0) cm™.
Characterization of PNA6. HPLC: 7, = 26.8 min. ESI-MS:
m/z 586.6 [M+G6H]%*, 703.6 [M+5H]*, 879.3 [M+4H]*. IR
(ATR): v 2043w (C=0), 1982w (C=0O) cm™.

Conclusion

In this study, we have demonstrated the feasibility of preparing
covalently heterometalated PNA cores by taking the synthesis
of Ru(II)-cymantrenyl PNA oligomers PNA4 and PNAG as an
example. The application of solution based Michael-like addi-
tion and thioether ligation reaction, in combination with con-
ventional solid-phase peptide coupling, has been showcased as
an easy and efficient method for constructing multimetalic PNA
oligomers from thiol-functionalised PNA oligomers and appro-
priately designed metal-containing building blocks like C1-
C3. While thiol functionalisation of PNAs was conveniently
achieved from the cysteine preloaded resin, taking advantage
of the affinity of thiols for maleimide as well as for haloacetyl
moieties, highly specific metalation could be achieved through
Michael-like addition and thioether ligation reactions. Both
approaches hold tremendously strong potential for future appli-
cation in preparation of diverse library of multi-heterometallic
PNA constructs.
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